ABSTRACT Tipping over avoidance is critical for the success of mobile manipulation, especially in the cases that the onboard manipulators or the mobile vehicles move rapidly. Due to strong dynamics coupling between the onboard manipulator and mobile vehicle, online evaluation of dynamic stability of mobile manipulators and generation of strategies for tip-over avoidance still remain challenging. This paper presents an improvement tip-over moment stability criterion dealing with wheel-terrain and vehicle-manipulator interaction and proposes a real-time tip-over avoidance algorithm to minimize the tip-over moment transfer through either adjusting the posture of the onboard manipulators or changing the running velocity of the vehicle. The simulations and experiments on a four-wheeled mobile manipulator validate the correctness and feasibility of the proposed method.
I. INTRODUCTION
Mobile manipulator is an emerging class of robots which has capabilities of both moving and manipulation. A mobile manipulator is usually composed of a mobile vehicle with one or more onboard manipulators mounted on it, enabling it to be widely employed in manufacturing, logistics, home service, firefighting, dismantling bombs, disaster rescue, nuclear power stations, and even planetary exploration [1] - [4] . However, due to strong dynamics coupling between onboard manipulator(s) and mobile vehicle, a mobile manipulator inevitably tends to tip-over in the cases that it undergoes heavy load, moves at high velocity/acceleration, and/or negotiates rugged road. One of recent example is in the DARPA Robotics Challenge (DRC), where many robots failed due to tipping-over in the progress of the contest [5] . Therefore, tip-over avoidance is a prerequisite for a successful mobile manipulation.
Some tip-over stability criteria have been applied in mobile robots [7] - [12] , and among them the Zero Moment
The associate editor coordinating the review of this manuscript and approving it for publication was Zheng H. Zhu. Point (ZMP) method is the most popular. ZMP stability criterion has been applied for tip-over avoidance of a mobile manipulator by Huang et al. [7] and Sugano et al. [11] . , However, ZMP is not sensitive to the change in the center of mass (COM) [15] of the system, and it is unable to make a specific prediction for robot's instability [6] , [13] . Then, Papadopoulos and Rey [14] reported the force-angle (FA) margin criterion, which can predict instability with a minimum angle between the resultant force exerted to the mobile platform and tip-over axis (TOA) normal. Although this criterion is sensitive to heavy loads, it requires the position COM must be known in advance and is only applied in a low velocity and large force condition. Moreover, this criteria also ignores reaction forces and moments where the manipulator exerts on the mobile platform, and then Moosavian and Alipour presented Moment-Height Stability (MHS) measure in consideration of robot's inertia about each axis of the support polygon [15] - [17] . MHS is sensitive to the whole system COM height. However, there is need to acquire the entire system COM position in advance, on account of its additional computation on the moment of inertia of the reference point of the moving vehicle coordinate system to each side [18] , this criteria may be helpless for robot's real-time tip-over stability judgment. In addition, some other criteria are also employed in the stability detection of mobile manipulators, but there exist many different disadvantages. For example, normal supporting force criterion (NSF) [19] requests supporting forces can be measured with force sensors, which leads to a high cost. While there are plenty of complex computations in energy-equilibrium plane criterion (EEP) [20] , which may cause the failure of real-time instability judgment [22] , and effect of wheel-terrain interaction on robot's tip-over is not taken into account in tip-over moment (TOM) criterion [21] . Currently, many works have made specific presentations on tip-over stability for mobile manipulators in the process of climbing slopes or stairs. However, few pieces of literature published has reported a robot's tip-over stability resulting from the dynamic effect of its onboard manipulators and mobile platform.
Many tip-over avoidance algorithms have been proposed to avoid robots' tip-over in the motion process. For instance, Rey and Papadopoulos initialize manipulators' configuration to avoid robots' tip-over with FA measuring method [23] . Based on an adaptive neural fuzzy approach, Li and Liu utilize self-motions of redundant mobile manipulators to improve a robot's stability [24] . Alipour et al. have put forward a stability margin metric-increment function (SMMIF) and design relevant motion parameters with a fuzzy logic theory to prevent tip-over [25] . Liu et al. have reported a real-time tip-over avoidance algorithm, which makes the best of online change of tracked vehicle configuration and adjustment of onboard manipulator s' posture [19] , [24] . Moreover, many other traditional algorithms (minimum distance method [26] , adaptive control method [27] , inverse motion method [28] , genetic method [29] and neural network based on observer method Caron et al. [10] ) have been being applied in robot's tip-over avoidance.
However, the research on the relationship between a low vehicle-manipulator mass ratio and tip-over stability of wheeled mobile manipulators remains challenging, especially in the motion process of high velocity. As is wellknown, vehicle-manipulators interaction has an impact on robots with low vehicle-manipulator mass ratio: (1) In the low-velocity motion, the configuration of the onboard manipulator has great effects on the distribution of load, which may affect vehicle-terrain interaction; (2) In the motion with high acceleration, the velocity centroid of the systems may change, consequently taking impact on the vehicle-terrain interaction. In this paper, an improved tip-over moment stability criterion (ITOMSC) is proposed dealing with wheel-terrain interaction and vehicle-manipulator interaction. In contrast to exiting measures, this criterion has such advantages as great sensitivity to the COM, smaller computations cost, and better real-time performance and even there's no need to know the position of the entire system COM in advance. Meanwhile, a novel minimum amount of tip-over moment transfer based real-time tip-over avoidance algorithm is also presented with This paper is made up of six sections. Based on the kinematics and force model of this robot, wheel-terrain interaction and vehicle-manipulator interaction are analyzed in Section II. An improved ITOMSC criterion is presented in Section III. And then in Section IV, a novel real-time tip-over avoidance algorithm is proposed. In Section V, Simulation in MATLAB software and experiments are carried on in order to validate correctness of this improved tip-over stability criterion and the proposed real-time tip-over avoidance algorithm with this criterion, and in the final section, some conclusions on them are drawn.
II. KINEMATIC MODELING AND FORCE ANALYSIS OF WHEELED MOBILE MANIPULATOR A. KINEMATIC MODEL OF THE WHEELED MOBILE MANIPULATOR
The wheeled mobile manipulator (WMM) under study consists of a four-wheel mobile platform, an end effector, a manipulator controller, and a manipulator mounted on the mobile platform, depicted in Fig. 1 . The four-wheel mobile platform (called a vehicle for short) is composed of a chassis and four driving wheels which can be controlled to realize steering independently.
To describe the motion of the mobile manipulator, four coordinate systems are established, i.e., the world frame Fig. 2(a) . Then, the transformation matrices between different frames are given as:
For the sake of simplification of analysis and computations conducted in the paper, the following assumptions are made: 1) the ground is even and no surface shrinkage is considered;
2) the center of gravity (COG) of the platform is coincided with its center of geometry;
3) all wheels are always in contact with the ground. i.e., no slippage of the wheels occurs; 4) the onboard manipulator is rigidly connected with the platform, and the links of the onboard manipulator are rigid. 
while the position of the link i + 1 of the manipulator with respect to the link i, described with respect to the link i, is given by
A compact notation has been adopted for i i+1 R and i i+1 p, where cθ i := cos θ i and sθ i := sin θ i . So, the manipulator end effector position and orientation present in the manipulator
Based on the homogeneous coordinate transformation method, the position-level kinematic equation of the mobile manipulator with respect to the frame
where W S T , S M T and M R T can be obtained by Eq. (1). Here, take the first and second derivatives of Eq. (4) and (5), the recursive form expression of angular velocity, angular acceleration, linear velocity, linear acceleration, and linear acceleration at COM are obtained respectively, which are given as
Meanwhile, it is easy to build the velocity-level kinematic equation of the vehicle, which is given in Eq. (12) , as shown at the bottom of the next page. By using the principle of linear superposition, the velocity-level kinematic equation of the wheeled mobile manipulator is obtained, as shown in Eq. (13) . where the Jacobi matrix of the onboard manipulator is calculated by Eq. (9).
B. FORCE MODEL OF THE WHEELED MOBILE MANIPULATOR
For simplification of representation, the masses of all parts of the mobile manipulator are simplified into the equivalent COG (see Fig. 3 ). Furthermore, for the convenience of calculations, the gravity acceleration vector g = 0 0 −9. 
where
where b 0 indicates they-direction offset of the ICR with respect to O R X R Y R Z R , which can be writing as
The (18) where the last item in Eq. (18) is the Coriolis acceleration. Moreover, wheel-terrain and vehicle-manipulator interactive force analysis is described as follows. Each wheel is subjected to forces in three directions x, y, and z, i.e., tangential friction force F dj , radial friction force F pj and support force N j (where j represent the number of the wheel) respectively. According to the vehicle dynamics [30] , the force balance equation for WMM accelerated uphill can be derived by
Namely, (20) where 
C. INTERACTION OF WHEEL-TERRAIN AND VEHICLE-MANIPULATOR 1) WHEEL-TERRAIN INTERACTION
However, each wheel support force changes with the COG of the mobile manipulator. For the sake of simplicity, instead of analysis the force of each wheel independent, the overall effectiveness provided by the wheel-terrain contact is considered. Here, we ignored the influence of air resistance, so the acceleration provided to the vehicle by wheel-terrain interaction can be expressed as [30] . 
where i i ω, i iω and i iv c can be obtained by Eq. (7), (8) and (11) . Take the 6 DOFs (degree of freedom) manipulator (i.e. i = 6) as an example, and the force and moment numbered 7 is the force and moment acting on the endpoint of the onboard manipulator, i.e.
which consists of two parts: the load gravity and inertia force and torque including the wrist mechanism and the force and torque subject to the environment. From Eq. (17), w 1 can be obtained by this recursive computation till i = 1. The reaction wrench where the onboard manipulator act on the vehicle is expressed as −w 1 .
III. IMPROVED TIP-OVER MOMENT STABILITY MEASURE
In this section, we derive an ITOMSC for wheeled mobile manipulators with consideration of wheel-terrain and vehiclemanipulator interactions. Fig. 4 depicts the various forces and torques exerting on the mobile platform. The large ellipse represents the projection of the mobile platform on the ground. The force and torque exerted on the mobile platform consist of two parts, the force, and torque where the onboard manipulator exerted on the mobile platform and the force and torque generated by the wheel-terrain interaction. Based on the relationship between the force and torque (F R and M R ) where the onboard manipulator exerted on the mobile platform and the binding force and torque (w 1 ) where the mobile platform exerted on the onboard manipulator 1-th joint, the former one adopts the Newton-Euler method. While, for simplicity, the latter one provides acceleration a c to the WMM, which provides traction in both the x and y directions. The influence of the acceleration generated by the wheel-terrain interaction on the onboard manipulator has been considered in the dynamic modeling, by setting the initial acceleration of the onboard manipulator 1-th joint, i.e. 0 0 a = s r a c . Where s r a c can be calculated by Eq. (22) . Therefore, only the influence of the acceleration generated by the wheel-terrain interaction on the vehicle is considered here. (30) the first item in the right of Eq. (30) is the projection of the moment where the onboard manipulator exerted on the mobile platform on the TOA. The second item is the moment of the force component in the Z R direction where the onboard manipulator exerted on the mobile platform on the TOA. The third item is the projection of the moment where the ground exerted on the mobile platform on the TOA. The last item is the moment of the force component in the Z M direction where the ground exerted on the mobile platform on the TOA.
If tipping occurs, the robot will tip over along the TOA formed by two adjacent wheels. Where o ii+1 represents a unit vector for the TOA, which can be obtained by the coordinates of two adjacent wheel-terrain contact points ( n p i , n p i+1 ), i.e.
r ii+1 represents an orthogonal vector from point O R to the TOA o ii+1 . m ii+1 represents an orthogonal vector from point O M to the TOA o ii+1 . According to the dynamic method of the rigid body translation, the moments of the onboard manipulator and the mobile platform relative to the TOA n p i n p i+1 on the corresponding coordinate system is calculated respectively. When the mobile platform performs the acceleration or deceleration, the force and torque where the onboard manipulator exerted on the mobile platform are
similarly, the force and torque generated by the wheel-terrain interaction on the mobile platform can be written as
The contact points of the mobile platform and the ground are sequentially connected in a counterclockwise direction to form a polygonal convex hull. If the side length of the convex hull regarded as the rotation axis, the overturning moment can be obtained. By comparing the magnitude of the overturning moment of each of the tilting axes, the maximum overturning moment TOM max is obtained. TOM max represents the maximum overturning moment sustained by the system on the tilting axis corresponding to the value. If the value of TOM max VOLUME 7, 2019 is positive, the system is tipping over. While, if negative, the system is stable with a TOM margin |TOM |.
This criterion may significantly differ from ZMP, FA, and MHS. ZMP obtains the point where the reaction force acts on the ground, thus obtaining the boundary where the force cannot cross, making the system stable. FA uses the angle between the resultant force which exerting on the ground COM and a particular vector to describe the system's stability. MHS estimates the stability of the system by calculating the inertia of the robot on each axis of the supporting polygon. These measurement methods evaluate the stability with an indicator [32] , while in ITOMSC the moment is used to describe the stability. The criterion is sensitive to the TOM, easy-to-compute, easy-implementing and suitable for wheeled robot systems that are running on any terrain and subjected to centrifugal force, inertial force and other external forces.
IV. ONLINE TIP-OVER AVOIDANCE ALGORITHM
We predict the tip-over stability of the mobile manipulator by using ITOMSC, i.e., when |TOM max | → 0 with t → T (T represents a period of time), the wheel at these points can be off the ground, and tipping instability can also occur. Here, zero supporting forces are considered to be the critical tip-over stable state. In this case, the robot may topple down subject to a small disturbance force. So, the TOM max should be negative enough. If TOM max << 0 with t → T , the system will be more stable. For simplification of tip-over avoidance, the Eq. (23) can be rewritten as
, TOM opt is a moment in the robot optimal configuration which the values of TOM on all tip-over axes are similar. TOM x ii+1 , TOM y ii+1 and TOM z ii+1 represent the change of TOM caused by TOM transfer due to the COG offset, the centrifugal forces, the inertial forces, as well as the external forces.
From the above analysis of tip-over stability, it is hard to get an explicit expression for the TOM at the selected TOA. Here, an online tip-over avoidance algorithm is proposed by minimizing the TOM transfer to balance the TOM distribution on each TOA. As the most stable situation corresponds to even TOM distribution on all the tip-over axes, i.e., without any TOM transfers. Therefore, the robot should be adjusted to meet TOM ii+1 → TOM opt , that is TOM x ii+1 + TOM y ii+1 + TOM z ii+1 → 0 as t → ∞. Furthermore, the tip-over avoidance optimization function can be obtained as
To improve the tip-over stability of the wheeled mobile manipulator, the pose of the onboard manipulator can be regulated to balance the TOM distribution. Also, the velocity of the wheeled mobile platform can change to balance the TOM 
where The tip-over avoidance algorithm described in Eq. (36) and (36) should be triggered when necessary. In addition, the robot movement must be stopped under the situation which the pose of onboard manipulator adjustment or the vehicle velocity change is not enough to restore the rollover stability. Furthermore, if tip-over stability can be restored by regulating the onboard manipulator, the velocity of the wheeled mobile platform should not be changed to maintain good traction. Thus, an online tip-over prediction and avoidance algorithm is proposed, given in Algorithm 1. In applications, the robot may be affected by measurement errors and uncertainty disturbances. Therefore, in order to make sure that the robot is terminated before overturn and the algorithm is triggered when necessary, margins (TOM 1 and TOM 2 ) should be added to the ITOMSC respectively.
V. SIMULATION AND EXPERIMENTALS

A. SIMULATION SETUP AND RESULTS
1) SIMULATION SETUP
In order to verify the correctness and feasibility of the presented wheel-terrain and vehicle-manipulator interaction analysis method and the proposed tip-over avoidance algorithm, simulations have been carried out on a WMM, which is consisted of a 6-DOF onboard manipulator and a four-wheeled vehicle, as shown in Fig.1 . The robot's design parameters are shown in Table 1 . Simulations were conducted for four different cases which the time interval is set to be t ∈ [0, 2] s, the incline angle of the ground θ m is set to be equal to zero, and a 1-kg payload is selected to the end-effector.
Case 1 is used to verify wheel-terrain interaction. The vehicle is controlled to follow a straight line, which is determined by mẋ m = 0.04λt, with different acceleration by changing λ. The feedback velocity of the vehicle with respect (12) . The onboard manipulator is in the initial configuration which is q 0 = π/12 π/2 −2π /3 0 π/6 0 T .
Case 2 is used to verify the vehicle-manipulator interaction. The vehicle is controlled to follow a straight line, which is determined by mẋ m = 0.1. The onboard manipulator is controlled to follow a circle, which is described by r x r = 0.1 + 0.05 sin (πt/2), r y r = 0.1 − 0.05 cos (t/2) and r z r = 0. 27 Case 3 is used to test the tip-over avoidance algorithm by adjusting the onboard manipulator. The vehicle is controlled to follow a straight line, which is determined by mẋ m = 0.1, and the onboard manipulator is adjusted by the tip-over avoidance algorithm obtained in Eq. (36).
Case 4 is used to test the tip-over avoidance algorithm by changing the velocity of the vehicle. Under the condition of case 3, the vehicle velocityξ is changed by the tip-over avoidance algorithm given by Eq. (36).
Simulations are made for three different schemes for each case: in scheme 1, the onboard manipulator remained in the initial configuration. In scheme 2, the onboard manipulator is adjusted by the tip-over avoidance algorithm given in Eq. (36). In scheme 3, the velocity of the vehicle is changed according to the tip-over avoidance algorithm given in Eq. 
2) SIMULATION RESULTS AND DISCUSSION
Simulation results for the wheel-terrain and the vehiclemanipulator interactions are presented in Fig.5 . Once the terrain is determined, the wheel-terrain interaction provides different traction forces for the vehicle, which is the different accelerations, will affect the TOM. Fig. 5(a) shows the change of the TOM of the TOA 12 under different accelerations. The TOM increases with the increase of the acceleration, and the WMM tends to be unstable. Compared with literature [21] , the wheel-terrain interaction cannot be ignored because the TOM values vary from −413 to −406 when λ increases from 0 to 0.2. As shown in table 2, variables n and N represent the number of support polygon vertices and DOF of the onboard manipulator in the measuring as mentioned above methods respectively. Then, when n = 4 and N = 6 in such system depicted in Fig. 1 , it can indicate that ITOMSC algorithm shows better timeliness. Furthermore, comparing Fig. 5(c) with (b) , the vehicle motor output torque is affected according to the vehiclemanipulator interactions, which are caused by the movement of the onboard manipulator, as shown in Fig. 5(g) and (h) . This reveals the effect of the onboard manipulator on the vehicle during vehicle-manipulator interactions. Fig. 5(d) and (e) demonstrate how the onboard manipulator joint drive torque (taking the second joint as an example) are affected according to the vehicle-manipulator interactions, which are caused by the vehicle velocity change (linear velocity v x or angular velocity w z ). Also, it is affected by the change of the incline angle to the ground θ m , which is shown in Fig. 5(f) . While the torque T 2 increases with v x and decreases with w z or θ m . This illustrated the effect of the vehicle on the onboard manipulator during vehicle-manipulator interactions. The joint angles and joint angular velocities of the onboard manipulator in the motion process are shown in Fig. 5(g) and (h) .
The simulation results for the tip-over avoidance algorithm with adjusting the pose of the onboard manipulator or change the vehicle velocity are presented in Fig. 6 . Fig. 6 (a) , (d) and (i) represent the TOM for the three different schemes with four different TOA. Fig.6(b) , (e) and (j) represent the TOM transfers for three different schemes with four different TOA. Supporting forces are illustrated in Fig. 6 (c) , (f) and (k), respectively. Comparing Fig. 6(c) with (f), it can be seen that the supporting forces of the four wheels become closer, i.e., the stability is improved. The phenomenon can also be seen from TOM or TOM transfers either. The joint angles and joint angular velocities of the onboard manipulator in the motion process in scheme 2 are shown in Fig. 6(g) and (h) . The square root of the optimization function, i.e., √ σ (The smaller the value, the more stable the system is), which represents TOM transfers, is compared with the three different schemes, as shown in Fig. 6(l) . It shows that stability can be improved by adjusting the pose of the onboard manipulator. Moreover, owing to changing its velocity while adjusting the onboard manipulator, the vehicle can show better stability.
The maximum TOM, the maximum TOM transfer, and the robot tip-over stability are compared in Table 3 for three different schemes with two different cases. N t denotes the sampling numbers and σ (t i ) represents the optimization function at the time instant t i . From Table 3 , it can be observed that the TOM max , the |TOM max | and the √ σ are obviously reduced by comparing three different schemes. From Fig. 8(a) -(l) and Table 3 , the proposed tip-over avoidance algorithm can effectively to balance the TOM distribution, and the stability of the robot has been obviously improved.
The simulation results for case 1 and case 2 demonstrate that the robot may keep stable without optimum configuration, i.e. the tip-over avoidance algorithm should be triggered when necessary. Furthermore, the simulation results of case 3 and case 4 give an example of applying the algorithm to avoid tip-overs.
B. EXPERIMENTAL RESULTS
1) EXPERIMENTAL SETUP FOR THE WMM
The experimental photo and the composition of control system are shown in Fig. 7 . An attitude sensor (model BWT901CL) was employed to measure the rolling angle of the body which mounted on the vehicle body. The hall current sensors (model HBC-LSP-6) were used to measure the driving current of the vehicle wheels. The vehicle controlled by a microprocessor (model STM32F407ZGT6) with µc/os III operating system. The manipulator (model Staubli TX60) controlled by a real-time operating system (RTOS). In addition, RTX3.0 was used to build an RTOS on Windows, which establish a real-time Ethernet (at a planning cycle of 1 ms) using TCP protocols between the planning layer and the control layer. LabVIEW was used to realize human-computer interaction, which exchanged data with RTX through shared memory.
2) EXPERIMENTAL RESULTS AND DISCUSSION
In this section, and the proposed tip-over avoidance algorithm by the presented tip-over prediction criterion will be demonstrated through experiments on a WMM, as shown in Fig. 7(a) . The first experiment is designed to verify the wheel-terrain and vehicle-manipulator interactions, and the second experiment is designed to confirm the effectiveness of the proposed tip-over avoidance algorithm by the presented tip-over prediction criterion. Figure 8 (a) and (b) show the influence of the interaction between the onboard manipulator and the vehicle on the vehicle, which is represented by the output torque of the vehicle (taking the first wheel as an example) and the rolling angle of its body (vehicle fixed). We can see that the amplitude of the output torque is suddenly changed with the movement of the onboard manipulator at the time close to 1 s, and the body has to shake obviously. Moreover, Fig. 8(c) and (d) show the influence of the interaction between the onboard manipulator and the vehicle on the manipulator, which is represented by the drive torque of the manipulator (taking the second joint as an example) and the rolling angle of its body (manipulator fixed). We can see that the vehicle accelerates starting at time 0 s, its joint peak driving torque and body roll angle all increase.
In the second experiment, the calculated TOM, TOM transfer, and the measured body roll angle under the three schemes are shown in Fig. 9(a)-(h) . The moving onboard manipulator was adjusted to the optimal steady state before recording, and the current body roll angle was set to be 0 • . Also, the triggered and deactivated margins for tip-over prediction algorithm are set as TOM 2 = −500 Nm, TOM 1 = −10 Nm.
The TOM calculation results under three schemes are shown in Fig. 9(a) , (c) and (e), respectively. The TOM on the TOA 12 and TOA 24 gradually reduced, while the TOM on the TOA 31 and TOA 43 is gradually increased, which reflected the tipping stability of the robot directly. The TOM on the four tilting axes tends to be zero, and the moving onboard manipulator tends to be stable. The calculation results of TOM transfer under the three schemes are shown in Fig. 9(b), (d) and (f) . The values of TOA 12 , TOA 24 , TOA 43 , and TOA 31 of the four TOM transfer quantities tend to be zero. From Fig. 9 (g), we can see that √ σ is 14.29 in scheme 1, decay to 9.19 within 0.6 s in scheme 2 and decay to 6.86 within 0.6 s in scheme 3.
√ σ represents the proximity of the current state of the mobile manipulator to the optimal steady state, the smaller the value, the more stable the system, and the recorded body roll angles under the three schemes are as shown in Fig. 9(h) . In scheme 1, the rolling angle fluctuates around −0.04 • . In scheme 2, the rolling angle reversely changes to −0.066 • at 0.22 s and then rises to 0 within 0.6 s. In scheme 3, the rolling angle reversely changes to −0.081 at 0.18 s and then rises to 0 within 0.54 s. The short-term instability phenomenon of schemes 2 and 3 is caused by the sudden change of acceleration in the high-velocity movement of the mobile manipulator, so it is not apparent at low velocity. In general, since the mobile platform's inertia of the mobile manipulator is much larger than the onboard manipulator, this transient instability phenomenon has little effect on the stability of the robot. So the tip-over prediction algorithm and the real-time prevention algorithm proposed in this paper are effective, and the tipping-over stability of the robot is significantly improved. Besides, when the ground angle θ m is non-zero, the algorithm is also applicable to wheeled robots negotiating slopes.
VI. CONCLUSION AND FUTURE WORK
The force interaction between wheel-terrain and vehiclemanipulator has been analyzed by kinematics and force analysis of mobile manipulator, and an ITOMSC for a wheeled mobile manipulator is presented. Newton-Euler method is employed to calculate the reaction force and moment where the onboard manipulator exerted on the vehicle, and vehicle dynamics is used to calculate the reaction force and moment where the ground acted on the vehicle. Tip-over stability criteria are derived by judging the TOM calculated at the different TOA. Comparing with FA, MHS, the criterion is sensitive to the TOM, better timeliness (in Table 2 ) and suitable for wheeled robot systems that are running on any terrain and subjected to centrifugal force, inertial force and other external forces. Moreover, based on the minimum TOM transfer, a real-time tip-over avoidance algorithm is proposed by adjusting the pose of the onboard manipulator or changing the velocity of the vehicle. The proposed algorithm is simulated and analyzed in MATLAB software, and it is also verified by some experiments on a four-wheel manipulator robot. Simulation and experimental results indicate this proposed algorithm can be used for tip-over predication and avoidance of a wheeled mobile manipulator under a flat road even a slope. And in future work, it's expected this algorithm will also be able to employed in the legged mobile robot.
NOMENCLATURES
L
The length of the wheeled mobile platform d m The width of the wheeled mobile platform R The wheel radius of the wheeled mobile platform m m The total mass of the wheeled mobile platform includes the onboard manipulator controller m r
The total mass of the onboard manipulator m i
The onboard manipulator i-th joint mass,
The rotation angle of the mobile platform in the z-direction θ m
The incline angle of the ground l i
The length of the onboard manipulator i-th
The velocity of vehicle j-th wheel, j = 1 − 4 α
The included angle between the line connecting the origin O R and the origin O M in the x-direction β
The angle between the roller shaft and body shaft J m Jacobi matrix of the mobile platform,
Jacobi matrix of the onboard manipulator, J r ∈ R 6×6 J Jacobi matrix of the mobile manipulator,
Rolling resistance in the x direction and y direction F wx , F wy The WMM air resistance in the x-direction and y direction
The WMM horizontal component of gravity F ax , F ay
The WMM acceleration resistance in the x-direction and y-direction µ x , µ y
The coefficient of x-direction and y-direction rolling friction α i
The angle between theẐ i and theẐ i+1 axes measured in the right-hand sense aboutX i a i The distance between theẐ i and theẐ i+1 axes, measured alongX i θ i+1
The angle between theX i and theX i+1 axes, measured in the right-hand sense aboutẐ i+1 d i+1 The distance between theX i and theX i+1 axes, measured alongẐ i+1 i iv
The linear acceleration of i-link of the manipulator with respect to the framei
The linear acceleration of i-link of the manipulator at COF with respect to the framei The generalized mass matrix of the link i of the onboard manipulator H i
The cross-term matrix of the link i of the onboard manipulator including centripetal force and gyro torque X i
The linear acceleration and angular acceleration vectors of the link i of the onboard manipulator The inertia tensor of the linkIof the onboard manipulator i w 1 The force and torque caused by the onboard manipulator 's gravity, angular acceleration v w 1 The constraint force and torque caused by the onboard manipulator 's angular velocity cf w 1 The constraint force and torque caused by the environment.
M R
The torques where the onboard manipulator exerted on the mobile platform F R The forces where the onboard manipulator exerted on the mobile platform M M
The torques of wheel-train interaction on the mobile platform G M The mobile platform gravity G R The onboard manipulator gravity 1 F x,y,z The component of the constraint force act on the 1-th joint of the onboard manipulator in x, y and zdirections 1 M x,y,z The component of the constraint torque act on the 1-th joint of the onboard manipulator in x, y and zdirections TOM iiC1 The TOM on the TOA o ii+1 TOM opt TOM value under a optimal configuration TOM max
The maximum TOM sustained on the TOA TOM 1 The upper limit of TOM's work TOM 2 The lower limit of TOM's work σ Optimization function for avoiding tippinġ q i
The angular velocity of the onboard manipulator jointi-tḧ q i
The angular accelation of the onboard manipulator jointi-tḣ ξ
The motion velocity of the wheeled mobile platform The weight coefficient of the mobile platform k mx The weight coefficient of the x-direction motion of the mobile platform k my The weight coefficient of the y-direction motion of the mobile platform k mz The weight coefficient of thez-direction rotation of the mobile platform N t
The total number of TOM sampling points n The number of support polygon vertices N The number of DOF of the onboard manipulator TOA ij The TOA formed by wheel i and wheel j σ (t i ) The optimization function at the time instant t i
